The exceptionally large SYNE1 (spectrin repeat-containing nuclear envelope protein 1) gene encodes different nesprin-1 isoforms, which are differentially expressed in striated muscle and in cerebellar and cerebral neurons. Nesprin-1 isoforms can function in cytoskeletal, nuclear, and vesicle anchoring. SYNE1 variants have been associated with a spectrum of neurological and neuromuscular disease. Homozygosity mapping combined with exome sequencing identified a disease-causing nonsense mutation in the ultimate exon of full-length SYNE1 transcript in an 8-year-old boy with distal arthrogryposis and muscular hypotonia. mRNA analysis showed that the mutant transcript is expressed at wild-type levels. The variant truncates nesprin-1 isoforms for the C-terminal KASH (Klarsicht-ANC-Syne homology) domain. This is the third family with recessive arthrogryposis caused by homozygous distal-truncating SYNE1 variants. There is a SYNE1 genotype-phenotype correlation emerging, with more proximal homozygous SYNE1 variants causing recessive cerebellar ataxia of variable onset (SCAR8; ARCA-1). 
INTRODUCTION
The SYNE1 (spectrin repeat-containing nuclear envelope protein 1) gene comprises 516 Mbp on chromosome 6q25, contains 146 exons, and undergoes differential splicing. Nesprin-1 and nesprin-2 belong to the nesprin (nuclear envelope spectrin-repeat protein) family of nuclear and cytoskeletal proteins, and are expressed as different isoforms in a tissue-specific manner. Nesprins have a central rod domain composed of spectrin repeats that facilitate kinesin and dynein binding, and dimer formation. Full-length nesprin-1 and nesprin-2 isoforms have two N-terminal CH (calponin homology) domains that bind to the actin cytoskeleton and C-terminal KASH (Klarsicht-ANCSyne homology) domains, which reside in the outer nuclear membrane and bind to the SUN (Sad1p-UNC-84) domain proteins within the nuclear envelope lumen. Apart from full-length nesprin-1 (nesprin-1 giant, 8797 amino acids, 1 MDa), SYNE1 encodes at least 16 KASH-and 14 CH-containing SYNE-1 isoforms. [1] [2] [3] Of note, nesprin-1α2 (120 kDa) represents a C-terminal, predominantly muscle-specific isoform, 4 whereas KLNes1g represents a large KASH-less variant specifically expressed in the CNS and most abundant in the cerebellum. 5 Disease-causing SYNE1 variants were previously reported in association with a spectrum of neuromuscular disease. We report a third family with arthrogryposis multiplex congenital (AMC) caused by a truncating SYNE1 variant and propose a SYNE1 genotype-phenotype correlation.
CASE REPORT
The boy reported here is the third child of healthy, first-grade consanguineous Turkish parents. His 11-year-old sister is healthy.
The first child of the family presented with severe muscular hypotonia at birth and died at the age of 4 months from respiratory failure. Pregnancy was normal, except for reduced fetal movements. The patient was born at 40 weeks of gestation by cesarean section. APGAR scores were 3/7/8, respectively. The neonate was small for gestational age with a weight of 2464 g (below 3rd percentile), length of 46.5 cm (3rd percentile), and head circumference of 33.6 cm (30th percentile). Muscular weakness ('floppy infant'), adducted thumbs, flexion contractures of fingers, and clubfeet were noted at birth (Figure 1 ). Bilateral clubfeet were repaired at the age of 6 months and the adducted thumbs were splinted. Surgery for cryptorchidism was performed at 2.5 years and for left-sided clubfoot relapse at 5 years. He was able to walk unsupported at the age of 2 years. At the last visit at 8 years he showed marked proximal muscular weakness, reduced deep tendon reflexes, and mild facial weakness. There was neither pyramidal nor cerebellar involvement. Walking distance is 1 km or 10-15 min. He uses the Gowers maneuver to get up and he climbs 5 stairs, without alternating feet and using the stair railing. He has flexion contractures of the proximal interphalangeal joints of the third and fourth fingers (Figure 1 ). Hyperopia of +4 Dpt. with intermittent strabismus developed. Neuropsychological testing shows that his intellectual abilities are below average for his age. Growth deficiency increased despite sufficient weight gain. At present, his weight is at the 80th percentile, length below the 3rd percentile (SDS − 2.5) and head circumference at the 25th percentile.
Nerve conduction studies, electromyography, and brain, spine, heart and quadriceps muscle ultrasound showed normal results in the newborn period. Diagnostic multiplex ligation-dependent probe amplification analysis excluded the common variants underlying spinal muscular atrophy and chromosomal microarray analysis showed no abnormalities. Creatine kinase and cardiac troponin T and I were within normal limits. Electrocardiogram and echocardiography did not indicate cardiomyopathy and excluded abnormal conduction at the age of 7 years. Quadriceps muscle ultrasound revealed marked, diffusely increased muscle echo intensity, indicating replacement of healthy muscle tissue by fibrosis and fatty infiltration.
MATERIALS AND METHODS
Written informed consent for molecular research investigations was obtained from the patient's parents and the study was approved by the local ethics committee. Homozygosity mapping of the disease locus in the family and exome sequencing in the proband was performed as described in Supplementary Material. The SYNE1 variant designation is based on the NCBI reference sequence for transcript NM_182961.3 (corresponding to Ensembl transcript reference sequence ENST00000 367255) and the genomic reference sequence NG_012855.1. The exon numbering is based on NG_012855.1.
RESULTS AND DISCUSSION
Congenital distal arthrogryposis and muscular hypotonia occur in a large number of neuromuscular and connective tissue disorders. We identified a patient with recessive AMC, muscular hypotonia associated with delayed motor development, and with persistent contractures of interphalangeal joints. Exome sequencing identified a homozygous variant c.26236C4T causing a premature stop codon (p.(Arg8746*)) in the ultimate exon of full-length SYNE1. This variant was submitted to the gene-specific database at http://databases.lovd.nl/shared/genes/SYNE1 (patient ID 00079635). This rare variant (1/121366 alleles in EXAC) segregates with disease in the family (Supplementary Figure S1) . This is the third homozygous distal-truncating SYNE1 variant and all three have been associated with recessive AMC, in five patients reported to date. 6, 7 Apart from AMC, shared clinical findings in these patients are decreased fetal movements, absence of polyhydramnios, no marked intrauterine growth retardation, and the absence of associated malformations. Motor development is mildly delayed with borderline to normal intellectual development, without elevation of creatine kinase levels. The disease was progressive in a sib-pair from one family, who were unable to walk at the age of 12 years, and developed severe scoliosis, leading to death from pneumonia at 22 years in one patient. 6 There is no indication of cerebellar disease in these patients. However, as three of four living patients are younger than 8 years at last reporting, no definite conclusions as to the course of the disease can be drawn at present.
Analysis of fibroblast-derived cDNA showed that the p.(Arg8746*) mutant transcript is produced at normal levels, indicating that normal quantities of nesprin-1 protein truncated for the C-terminal 50 amino acids are produced. In contrast, the AMC-associated homozygous splice site variant c.24313-2A4G resulting in p.(His8105Valfs*8) was shown to reduce SYNE1 RNA stability and deplete nesprin-1 in patient fibroblasts. 6 The same would be expected for the c.24577C4T
(p.(Arg8193*)) variant, identified in another sib-pair with AMC. 7 Given the similar presentation of these five patients in their first years of life, this indicates that loss of the KASH domain is sufficient to cause SYNE1-associated AMC (Figure 2 and Supplementary Table S1 ). All three AMC-causing SYNE1 variants would be expected to affect at least the major muscle-specific, KASH-containing isoform nesprin-1α2 and the predominantly CNS-expressed giant isoform. 5 In contrast, all but five SCAR8 (spinocerebellar ataxia, recessive, type 8)-associated truncating variants 8 affect the giant and the large KASH-less nesprin-1 variant (KLNes1g) but leave nesprin-1α2 intact (Figure 2 and Supplementary Table S1 ). 2,3,9-11 The five distal-truncating SCAR8 variants were compound heterozygous with truncating variants outside the nesprin-1α2 region. 12 The pathogenicity of SCAR8-associated variants is supported by finding variants in nesprin-1-interacting partners, spectrin-βIII and inositol 1,4,5-triphosphate receptor proteins, underlying other late-onset spinocerebellar ataxia phenotypes. 13, 14 SCAR8 patients can present with pure cerebellar atrophy, ataxia, and dysarthria, with variable age at onset of symptoms (6-50 years). 9, 12, 15, 16 More frequently, signs of upper and lower motor neuron disease, of brainstem dysfunction, or musculoskeletal abnormalities are variably present in SCAR8 patients. 12 Out of more than 80 Figure 2 Nesprin-1 isoforms and human nesprin-1 variants. The two human nesprin-1 isoforms mainly expressed in cardiac and skeletal muscle are shown schematically. Nesprin-1α2, one of the shortest nesprin-1 isoforms, is found almost exclusively in cardiac and skeletal muscle. Reported human diseasecausing nesprin-1 variants are compiled below the scheme. Italic gray letters denote bi-allelic SYNE1 variants that were identified in patients with cerebellar ataxia with slow progression accompanied by dysarthria and cerebellar atrophy (spinocerebellar ataxia, recessive, type 8 (SCAR8, ARCA-1; OMIM #610743). 8, 9, 11, 12, [15] [16] [17] Heterozygous SYNE1 missense variants shown in black letters were identified in patients with autosomal dominant Emery-Dreifuss muscular dystrophy, characterized by childhood-onset progressive muscle weakness and development of limb contractures (EDMD4; OMIM #612998), 19, 20 and in patients with dilated cardiomyopathy. 18 Bi-allelic truncating variants shown in bold black letters were identified in three families with recessively inherited myogenic AMC, associated with severe hypotonia from birth, delayed motor milestones, evolution of severe scoliosis and progressive motor decline after the first decade in one family, 6, 7 and in this study. The variant nomenclature is based on NCBI reference sequence NP_892006.3, which represents the longest nesprin-1 isoform, and is a product of transcript NM_182961.3. CH, a pair of N-terminal CH domains that bind F-actin; KASH, Klarsicht/ANC-1/ Syne homology transmembrane domain that facilitates nuclear envelope localization. Disease-associated variants are compiled on the DNA level in Supplementary Table S1 . #Two variants on the same allele, §this study.
reported SCAR8 patients, 4 exhibited respiratory failure and motor neuron involvement, with intellectual disability, and premature death at 36 and 44 years in 3 and 2 of these patients. 12, 17 The complex phenotype might be explained in one patient by the presence of a homozygous missense and a homozygous frame-shift variant c.
[532G4C];[22668dup] (p.[Gly178Arg];[Ile7557Aspfs*3]) in SYNE1, which might affect distinct SYNE1 isoforms; it remains unexplained in a patient with a homozygous c.661C4T (p.(Arg221*)) variant and in a sib-pair compound heterozygous for c.23995C4T (p.(Arg7999*)) and c.20396+1G4C, respectively. 12 Intriguingly, nesprin-1α2 staining was reportedly reduced in muscle biopsies from three patients with homozygous truncating SYNE1 variants localizing outside the musclespecific isoform. 4, 12 Additional nesprin-1 isoforms and tissue-specific scaffolds might be affected by specific SYNE1 variants.
Gain-of-function effects on nesprin-1 were supposed to result from heterozygous missense variants near the KASH domain and in the CH domain in patients with dilative cardiomyopathy, 18 and with autosomal dominant Emery-Dreifuss muscular dystrophy (EDMD4). 19, 20 The latter showed childhood-onset, progressive muscle weakness with development of limb contractures, with and without dilative cardiomyopathy. The pathogenicity of reported missense variants in EDMD4 was questioned, as rare SYNE1 variants were frequently identified in controls and in SCAR8 patients with bi-allelic truncating SYNE1 variants. 12 The pathogenicity of private nesprin-1 variants as causing EDMD4 is supported in that variants in other components of the (peri)nuclear cytoskeleton, lamin A/C, and emerin are causes of EDMD and cardiomyopathies. Nesprin-1α2 is enriched in cardiac, skeletal, and smooth muscle, 21 and may provide mechanical strength to nuclei that are constantly exposed to contractile strain in muscle fibers. EDMD-associated nesprin-1 variants exhibited nuclear morphology defects and suggested defects of the 'linker of nucleoskeleton to cytoskeleton complex' (LINC). A disruption of LINC as causing AMC is indicated by an enlarged perinuclear space in muscle cells in our patient (Figure 3) . It is comparable to a separation of the inner and outer nuclear membrane resulting from siRNA knockdown of nesprin-1 in cell lines 22 and the irregularly shaped nuclei with invaginations of the nuclear membrane with reduced heterochromatin at the nuclear membrane as observed in mice with a homozygous deletion of the nesprin-1 KASH domain. 18, 23 Honeycombing of myonuclei represented another morphologic pathology found in our patient's muscle biopsy. Light microscopy revealed a variation in size of muscle fibers without increased number of muscle fibers with central nuclei. Mice with a homozygous deletion of the nesprin-1 KASH domain display symptoms of the human EDMD and AMC phenotypes. They exhibit lethality with approximately half dying at or near birth from respiratory failure. Surviving mice display hindlimb weakness and an abnormal gait. With increasing age, kyphoscoliosis, muscle pathology, and cardiac conduction defects develop. 23 Nesprin-1 variants can cause or are associated with a diverse spectrum of diseases including intellectual disability 24 and bipolar disorder, 25 which can be partly explained by the existence of diverse tissue-specific isoforms with scaffolding roles throughout the cell. In addition, variants in LINC components might act as disease modifiers in individuals with variants in EDMD genes. 26 The homozygous truncating variant detected in our patient emphasizes the significance of the localization of the variant for the clinical phenotype and confirms that variants in SYNE1 cause autosomal recessive AMC and muscular weakness. As AMC is genetically heterogeneous, one should consider nesprin-1 variants as a possible cause.
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